Three-dimensional radiative effects in Arctic boundary layer clouds above ice edges by Schäfer, Michael et al.
Three-dimensional radiative effects in Arctic boundary layer 
clouds above ice edges 
 
M. Schäfer
+
, E. Bierwirth
+,*
, A. Ehrlich
+
, E. Jäkel
+
, and M. Wendisch
+
 
 
+) Leipzig Institute for Meteorology, Stephanstr.3, 04103 Leipzig, E-Mail: 
michael.schaefer@uni-leipzig.de 
 
*) now at: PIER-ELECTRONIC GmbH, Nassaustr. 33–35, 65719 Hofheim-Wallau, Germany 
 
Abstract 
Based on airborne spectral imaging observations, three-dimensional (3-D) radiative 
effects between Arctic boundary layer clouds and highly variable Arctic surfaces have 
been identified and quantified. A method is presented to discriminate sea ice and open 
water in cloudy conditions based on airborne upward radiance measurements in the 
visible spectral range. This separation simultaneously reveals that the transition of 
radiance between open water and sea ice is not instantaneous in cloudy conditions but 
horizontally smoothed. In general, clouds reduce the nadir radiance above bright 
surfaces in the vicinity of open water, while the nadir radiance above open sea is 
enhanced compared to situations with clouds located above sea ice surfaces. With the 
help of the observations and 3-D radiative transfer simulations, this effect was 
quantified. This affected distance L was found to depend on both cloud and sea ice 
properties. For a low level cloud at 0-200 m altitude, as observed during the Arctic 
field campaign Vertical Distribution of Ice in Arctic Clouds (VERDI) in 2012, an 
increase of the cloud optical thickness from  = 1 to  = 10 leads to a decrease of L 
from 600 to 250 m. An increase in cloud base altitude or cloud geometrical thickness 
results in an increase of L. Furthermore, the impact of these 3-D-radiative effects on 
a retrieval of cloud optical properties was investigated. The enhanced brightness of 
a dark pixel next to an ice edge results in uncertainties of up to 90 % in retrievals of  
and up to 30 % in retrievals of the effective radius reff. With the help of L quantified 
here, an estimate of the distance to the ice edge is given where the retrieval 
uncertainties due to 3D-effects are negligible. 
 
Zusammenfassung 
Mit Hilfe flugzeuggetragener abbildender spektraler Beobachtungen wurden 3-D 
Strahlungseffekte zwischen arktischen Grenzschichtwolken sowie der hochvariablen 
arktischen Bodenoberfläche identifiziert und quantifiziert. Eine Methode zur 
Differenzierung von Meereis und offener Wasserflächen, auf Grundlage 
flugzeuggetragener Messungen der aufwärtsgerichteten Strahldichte im sichtbaren 
Spektralbereich, während bewölkter Bedingungen wird vorgestellt. Diese 
Differenzierung zeigt gleichzeitig auf, dass die Strahldichtereduzierung  beim 
Übergang vom Meereis zu den offenen Wasserflächen nicht unmittelbar erfolgt, 
sondern horizontal geglättet ist. Allgemein verringern Wolken in der Umgebung von 
Eiskanten die Nadir-Strahldichte über den hellen Eisflächen und erhöhen sie über 
dunklen Meeresoberflächen. Mit Hilfe von 3-D Strahlungstransferrechnungen wurde 
dieser Effekt quantifiziert. Die Reichweite dieses Effektes wird sowohl von den 
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Wolken- als auch den Oberflächeneigenschaften beeinflusst. Für eine flache Wolke 
zwischen 0 und 200 m, so wie sie während der arktischen Feldkampagne Vertical 
Distribution of Ice in Arctic Clouds (VERDI), 2012 beobachtet werden konnte, führt 
eine Erhöhung der wolkenoptischen Dicke von  = 1 zu  = 10 zu einer Verringerung 
in L von 600 zu 250 m. Zudem führt eine Erhöhung der Wolkenhöhe und ihrer 
geometrischen Dicke zu einer Zunahme von L. Anschließend wurde der Einfluss 
dieser 3-D Strahlungseffekte auf die Ableitungsergebnisse von  untersucht. Die 
Aufhellung eines dunkleren Pixels neben der Eiskante führt zu Unsicherheiten von bis 
zu 90 % bei der Ableitung von . Beim effektiven Radius zu bis zu 30 %. L ist ein 
Maß mit Hilfe dessen die Entfernung zur Eiskante bestimmt werden kann, ab welcher 
die Unsicherheiten bezüglich der 3-D Effekte vernachlässigt werden können. 
 
1. Introduction: 
 
As shown by observations and simulations, the Arctic climate changes faster and 
stronger than the global climate (e. g., Sanderson et al., 2011; Overland et al., 2011). 
Among others, clouds play a major role in projections of the future Arctic climate. 
Therefore, understanding the effects of clouds in the Arctic is of utmost importance. 
Depending on the time of year and their altitude, Arctic clouds may exert either a net 
warming or cooling effect. However, the low Sun in summer combined with usually 
high surface albedo lead to a dominance of the terrestrial (infrared) radiative warming 
of low clouds (Intrieri et al., 2002b; Wendisch et al., 2013). In this regard, surface 
albedo (sea ice coverage) is a major parameter determining whether a change of cloud 
amount in future climate is associated with a warming or cooling effect.  
While in most cases, Arctic stratus is nearly homogeneous from a microphysical 
point of view, the ice-covered surface areas are often inhomogeneous. The sea ice has 
irregular top and bottom surfaces and is broken into distinct pieces, called floes 
(Rothrock and Thorndike, 1984). Often leads, cracks, or polynias are present 
especially in the transition zone between sea ice and open water, which often is 
dominated by scattered ice floes. The albedo contrast in such areas is the highest we 
can observe on Earth. For open water the albedo is generally low (0.042 at 645 nm 
wavelength; Bowker et al., 1985) while above the ice/snow covered ocean the albedo 
is high at visible wavelengths (0.91 at 645 nm wavelength; Bowker et al., 1985). Using 
Advanced Very High Resolution Radiometer (AVHRR) data from the polar-orbiting 
satellites NOAA IO and NOAA-11, Lindsay and Rothrock (1994) analyzed the 
albedos of 145 different 200 km
2
 cells in the Arctic. The mean values for the 
cloud-free portions of individual cells range from 0.18 to 0.91 and were found to be 
highly variable during the monthly and annual cycle (Lindsay and Rothrock, 1994).  
Retrievals of cloud optical properties at visible wavelengths are strongly biased 
by bright surfaces (Krijger et al., 2011). Most satellite retrievals simply exclude such 
areas from analysis. Only pixels identified as ice-free are used. This might become 
ambiguous in case of clouds that cover both ice floes and open water. However, even 
when ice and ice-free areas are perfectly separated by the retrieval algorithms, still 3-D 
radiative effects may affect the cloud retrieval over ice-free pixels close to the ice 
edge. Lyapustin (2001) and Lyapustin and Kaufman (2001) investigated the impact of 
the strong contrast of the surface albedo between open sea and adjacent sea-ice on the 
retrieval of Arctic cloud properties. Adjacency effects were found to reduce surface 
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contrasts by decreasing the top-of-atmosphere radiance over bright pixels and 
increasing the brightness of dark pixels which becomes important for remote-sensing 
applications developed for use with both dark or bright targets.  
In Sect. 2, we present airborne observations using imaging spectrometer 
measurements of reflected radiance to quantify the 3-D radiative effects of clouds 
above heterogeneous Arctic surfaces. A robust algorithm separating sea ice and open 
water surfaces when covered by clouds is introduced in Sect. 3 and applied to the 
measurements. Observations and simulations of the 3-D radiative effects are analyzed 
in Sect. 4. A critical distance from the ice edge is defined to quantify the horizontal 
range of the effects for variations in cloud optical thickness , cloud altitude, cloud 
vertical extent, reff, and surface albedo. In Sect. 5 we finally investigate how these 3-D 
radiative effects bias 1-D retrievals of  and reff. The whole study presented here in this 
article is based on the findings from Schäfer et al. (2015). 
 
2. Airborne measurements of reflected (nadir) spectral radiance: 
 
The measurements used in this study were performed during the international field 
campaign Vertical Distribution of Ice in Arctic Clouds (VERDI), which took place in 
Inuvik, Northwest Territories, Canada, in April and May 2012. The instruments were 
installed on Polar 5, an aircraft used for scientific research by the Alfred Wegener 
Institute Helmholtz Centre for Polar and Marine Research (AWI), Bremerhaven. Most 
flights were performed over the Beaufort Sea, partly covered by sea ice interspersed 
with open leads and polynias which grew bigger towards the end of the campaign.  
The measurement strategy during VERDI was aimed at combining remote 
sensing and in situ cloud observations. Therefore, the same clouds were subsequently 
sampled by a set of remote-sensing and in situ instruments on board of Polar 5. The 
aircraft was equipped with an active [as the Airborne Mobile Aerosol Lidar (AMALi; 
Stachlewska et al., 2010)] and several passive remote-sensing systems. Passive 
radiation measurements were carried out with the imaging spectrometer AisaEAGLE 
(manufactured by Specim Ltd. in Oulu, Finland; Schäfer et al., 2013), the Spectral 
Modular Airborne Radiation Measurement System (SMART-Albedometer; Wendisch 
et al., 2001), and a tracking Sun photometer. The configuration was similar to that 
during the aircraft campaign SoRPIC (Solar Radiation and Phase Discrimination of 
Arctic Clouds), as described by Bierwirth et al. (2013). Additionally, dropsondes were 
used at selected waypoints to sample profiles of meteorological parameters over the 
whole distance between the ground and the aircraft. In this study, data from the 
AMALi and dropsondes were used to determine the cloud-top altitude and geometrical 
thickness, those of the SMART-Albedometer to verify and validate the radiance 
measurements of AisaEAGLE. To analyze the 3-D radiative effects of ice edges in a 
cloudy atmosphere, we focus on measurements by the imaging spectrometer 
AisaEAGLE. With 1024 spatial pixels, the single-line sensor provides a sufficiently 
high horizontal resolution to observe ice edges in detail. The flight altitude was about 
3 km above ground which is about 2 km above cloud top for typical boundary layer 
clouds. For this geometry, the width of one AisaEAGLE pixel at cloud top is 3.5 m 
and the length is 4.2 m with an exposure time 10 ms and flight speed of 65 ms
−1
. Each 
spatial pixel consists of 488 spectral pixels to detect spectra of radiance in the 
wavelength range from 400 to 970 nm with 1.25 nm full width at half maximum. For 
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radiance measurements, Schäfer et al. (2013) estimated an uncertainty of ± 6 %.  
Assuming a fixed effective radius, those detected spectra of radiance can then be used 
to retrieve . During all 15 flights of VERDI, 130 recordings (25 h, 11 min, 29 s) of 
cloud-top and surface reflectance were collected with AisaEAGLE. 78 % of the 
observation time was spent above clouds. However, for 86 % of the cloud observations 
a cloud retrieval as described by Bierwirth et al. (2013) could not be applied as the 
surface albedo did not fulfill the constraint of being relatively dark, related to the 
differences in the contrast between cloud and ground being larger than the 
measurement uncertainties. Either snow-covered ice almost eliminated the contrast 
between cloud and surface, or a mixture of ice and open water made a cloud retrieval 
impossible. The latter occurred in 42 % of all observations and is for three 
measurements exemplary analyzed in more detail in this paper. The goal is to quantify 
how strong cloud retrievals are biased above such heterogeneous surfaces. 
 
3. Identification of ice and open water: 
 
The MODIS (Moderate-Resolution Imaging Spectroradiometer) image shown in 
Fig. 1a illustrates the difficulties of cloud remote sensing in areas with sea ice and 
snow cover. On 17 May 2012, an optically thin stratus cloud was situated above the 
Beaufort Sea. However, in areas where sea ice is located below the cloud, no visible 
contrast between sea ice and cloud remains. From the visible wavelength range, 
a retrieval of  is not possible in those areas; it can only be performed above water 
surfaces. Fig. 1b shows the calculated nadir radiance at 645 nm for clouds with 
different values of  over a dark ocean surface (blue lines) and a bright sea-ice surface 
(red lines). The calculations were performed for different solar zenith angles (SZA) of 
45°, 60°, and 75° (average range during VERDI measurements).  
 
 
Figure 1: (a) VERDI flight track and true-color MODIS image (Aqua; 250m 
resolution) of 17 May 2012. Numbers (1) and (2) label open ocean and sea ice, 
respectively. (b)  Simulated nadir radiance at 645 nm calculated for different  
ranging from 0 to 25 and cloud particles with a fixed reff = 15 μm. The calculations 
were performed for different SZA of 45, 60, and 75° over a sea-ice surface and an 
ocean surface. (c) Difference between the simulated nadir radiance over sea ice 
surface and ocean surface from (b). 
 
The wavelength of 645 nm is chosen with respect to the sensitivity of  in this spectral 
range (Nakajima and King, 1990). The sensitivity of the nadir radiance with respect to 
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above sea ice is not significant and below measurement uncertainty of AisaEagle. 
For the same clouds placed above a dark ocean surface, the reflected radiance exhibits 
a strong function of , which is used for the tau-retrieval applied to data of AisaEagle. 
In order to select the dark-surface pixels for which a cloud retrieval can be 
applied, a sea-ice mask has to be derived. Fig. 1b clearly shows that even for optically 
thick clouds the nadir reflected radiance is significantly larger (> 25 % at  = 25 and 
SZA = 60°) above bright sea ice than over a dark ocean surface. This gap can be used 
as a threshold to distinguish between measurements of clouds above the dark ocean 
surface and a bright sea ice surface. To define this threshold it has to be considered 
that the differences between the reflected radiance measured above a dark ocean 
surface or a bright sea ice surface is smaller for larger solar zenith angles and 
decreases with increasing . However, the differences are still significant at large solar 
zenith angles of SZA = 60° and  = 25. For VERDI, where SZA was in the range of 
55° to 75° for most of the observations, the threshold is defined as the center value 
between the two simulations: 
 
Ithresh = 0.5 ∙ (Iice + Iwater)                                                                                               (1) 
 
To test this threshold, we analyzed a section of a VERDI flight on 17 May 2012 
(Fig. 1). The flight was divided into a remote-sensing leg A at 2920 m altitude (red in 
Fig. 1) and an in situ leg B inside the cloud at 150 m altitude (blue in Fig. 1). The solar 
zenith angle was 58°. We estimate  from the MODIS image to be in the range of 5. 
There, Iice = 0.20 W m
−2
 nm
−1
 sr
−1
 and Iwater = 0.06 W m
−2
 nm
−1
 sr
−1
 in the simulation 
shown in Fig. 1b gives a threshold of 0.13 W m
−2
 nm
−1
 sr
−1
. Fig. 2 shows a histogram 
of the measured radiances at 645 nm of leg A (solid black line in Fig. 1a).  
 
 
Figure 2: Fraction of occurrence of the measured radiance at 645 nm, given in the 
example of Fig. 4a. The bin size is 0.005 W m
−2
 nm
−1
 sr
−1
. 
 
There are two maxima with a distinct separation which correspond to measurements 
above sea ice and ocean water. The minimum between the two maxima can be used as 
an alternative estimate of the threshold for the ice mask. In this particular case, the 
threshold estimated from the frequency distribution is 0.13 W m
−2
 nm
−1
 sr
−1 
which 
confirms the theoretical value derived above. Using those methods to estimate the 
threshold, ice masks were created to identify measurements of clouds above sea ice for 
which the cloud retrieval by Bierwirth et al. (2013) cannot be applied.  
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Fig. 3a shows a long ice edge and Fig. 3b an accumulated ice floe field observed on 17 
May 2012 around 17 UTC (SZA=58°). For those two cases there was a cloud layer 
between the ground and the aircraft. Fig. 3c shows ice floes without clouds above. The 
corresponding ice masks are shown on the right panel in Fig. 3d-f. In those images, all 
pixels identified as sea ice are shown as red areas. The clear-sky case presented in 
Fig. 3c was measured on 14 May 2012 around 21:00 UTC. Due to lower SZA = 52° 
compared to the previous cases, different maximum values of the reflected radiance 
were measured.  
 Fig. 3g-i shows the corresponding frequency distributions for the three cases 
(solid black lines). All frequency distributions are normalized by their maximum. In 
each case two maxima of the distribution are separated by the defined threshold value, 
located at the minimum between the two maxima. For cloudy cases in Fig. 3g and 3h, 
the dark-surface peak is broadened asymmetrically towards higher radiance values 
while the bright-surface peak is broadened towards lower radiance values, which both 
indicate the horizontal photon transport. For the clear-sky case in Fig. 3i, the frequency 
distributions representing dark ocean and sea ice surfaces are clearly separated due to 
less radiative 3-D effects. 
 
 
Figure 3: Left Side, Panel (a), (b), (c): Fields of radiances at 645 nm, measured with 
the imaging spectrometer AisaEAGLE. Measurements from 17 May 2012. Left side, 
panel (d), (e), (f) The same as on the left side in color-scale and with ice mask overlay. 
Right side, Panel (g), (h), (i): Normalized distributions of the frequency of occurrence 
of the radiance measured during the three cases presented on the left side. 
Additionally included are frequency distributions over sea ice and ocean water only. 
 
To highlight this more clearly, frequency distributions for a selection of pixel 
far from the ice edge are included in Fig. 3g,h,i, separated into dark ocean water pixel 
(dashed blue lines) and bright sea ice pixel (dashed red lines). For the clear-sky case in 
Fig. 3i, these selective frequency distributions are almost congruent with the single 
peaks of the entire frequency distribution. In Fig. 3g and h, the selective frequency 
distributions are not congruent with original peaks. The measured reflected radiance 
over ocean water is enhanced, while it is reduced over sea ice. This particular 
enhancement and reduction of the measured reflected radiance is related to 3-D 
radiative effects in clouds and may influence cloud retrievals based on 1-D 
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simulations. In the following we will investigate those 3-D effects by analyzing the 
reflected radiance and their influence on the retrieved .  
 
4. 3-D radiative effects of clouds near ice edges: 
4.1. Measurements from VERDI: 
 
In the vicinity of sea-ice areas close to the detected ice edge enhanced reflected 
radiance, i. e. narrow bright bands, are observed (Fig. 3d,e). Horizontal photon 
transport in the layer between surface and cloud is smoothing the abrupt decrease of 
the surface albedo from large values above sea ice to low values above the open water, 
while for measurements without clouds (Fig. 3f) we could not find similar areas with 
enhanced reflected radiance above the water close to the ice edge. Fig. 4 illustrates the 
measured nadir radiance as function of the distance to the ice edge for the three scenes 
in Fig. 3.  
 
 
Figure 4: Averaged radiance (color coded) at 645 nm wavelength measured 
perpendicular to the scenes shown in Fig. 3a-c. Additionally included are all radiance 
values used for the average of the scene from Fig. 3a (gray shaded). 
 
For the case of the straight ice edge (Fig. 3a) the distances presented here are almost in 
line with the flight track which was perpendicular to the ice edge. The spatial range of 
1400 m perpendicular to the ice edge corresponds to 1418 m distance along the flight 
track. With a frame rate of 30 Hz and an aircraft speed of 65 ms
−1
 this results in 700 
measurements along the 1418 m for each of the 1024 spatial pixels. This large amount 
of data provides good statistics for the mean radiance illustrated as solid red line in 
Fig. 4. In general, the nadir reflected radiance is decreased by about two thirds from 
0.20 W m
−2
 nm
−1
 sr
−1 
above bright sea ice to about 0.06 W m
−2
 nm
−1
 sr
−1
 above dark 
ocean surface. For scene (a) and (b) the decrease does not occur sharply over the ice 
edge, but gradually starts at about 400 m distance from the ice edge above the ice itself 
and ends at 400 m distance from the ice edge over open water. In the cloud free case 
the asymptotic values above sea ice and water are reached much closer to the ice edge 
at about 50 m. Over the water-covered area, there is an enhancement of the measured 
reflected radiance close to the ice edge and a reduction of the measured reflected 
radiance above the ice itself next to the edge. We define a critical distance Lcrit where 
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the radiance is reduced by 94 % of the difference between the average radiance above 
ice and open water, Iice and Iwater: 
 
Imeas(water) = I(water) + 0.06 · [I(ice) − I(water)].                                                       (2) 
 
With this criterion (corresponding to measurement uncertainty), the enhancement of 
the nadir radiance over the water surface extends to a distance of 200 m from the ice 
edge. Applying the same criterion for the reduced nadir radiance above sea ice, the 
affected area extends 200 m over the sea ice. Above open water, all measurements 
within that transition zone cannot be used for the retrieval of  as the enhanced 
radiance will positively bias it. 
Furthermore, we define a second distance L where the radiance Imeas(water) is 
enhanced by 6 % of the average radiance above open water. 
 
Imeas(water) = I(water) + 0.06 · I(water).                                                                       (3) 
 
Using this criterion, the defined distance to the ice edge is independent of the radiance 
measured above the ice surface, which may reduce sources of uncertainties in the 1-D 
cloud retrieval. For the case of the measured radiance in Fig. 4, L yields 300 m. For 
the isolated ice floes of the second scenario in Fig. 3b, the values of the averaged nadir 
radiance (solid blue line) in Fig. 4b are comparable to the values from the first scenario 
in Fig. 3a. Over open water, the values are almost identical, while they are lower over 
sea ice by 10 % (0.02 W m
−2
 nm
−1
 sr
−1
). This asymmetry compared to the straight ice 
edge might result from the shape of the ice edge. It will be discussed in Sect. 4.2.1 
more deeply. Furthermore, Fig. 4 shows a similar analysis (solid green line) for the 
cloud-free scenario on 14 May 2012 (Fig. 3f). Here, the decrease of the nadir radiance 
over the ice edge is significantly sharper than for the cloud-covered scenes.  
 
4.2. Simulations: 
4.2.1. Model: 
 
To better quantify these observations of 3-D radiative effects at ice edges, we applied a 
3-D radiative transfer model. The simulations will be used to determine L as a 
function of different cloud properties. We expect that the interaction between clouds 
and sea ice surface varies with varying , geometrical thickness and cloud base 
altitude.  
The radiative transfer simulations are performed with the open-source Monte 
Carlo Atmospheric Radiative Transfer Simulator (MCARaTS) which is a forward-
propagating Monte Carlo photon-transport model (Iwabuchi, 2006; Iwabuchi and 
Kobayashi, 2008). It traces individual photons on their path through the 3-D 
atmosphere. To reduce the computational effort for radiance simulations, MCARaTS 
uses several variance reduction techniques, such as a modified local estimation method 
or a truncation approximation for highly anisotropic phase functions (Iwabuchi, 2006). 
The input to the radiative transfer model (RTM) contains the optical properties of 
atmospheric contributions as clouds and trace gases (e.g., extinction coefficients, 
single-scattering albedos, phase functions) at 645 nm (the common cloud retrieval 
wavelength in the visible wavelength range; Nakajima and King, 1990) and the 2-D 
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surface albedo. The model requires a predefined albedo field. For this purpose we 
create a field of 20 000 m by 20 000 m with a pixel size of 50 m by 50 m (400 pixels 
in both horizontal dimensions). Depending on the given sea-ice distribution, the albedo 
of individual pixels is set to sea-ice albedo (0.910 at 645 nm; Bowker et al., 1985) or 
water albedo (0.042 at 645 nm; Bowker et al., 1985). 2.2×10
9
 photons were used in 
each single model run which resulted in a noise level of the 3-D simulations similar to 
the measurement uncertainties of AisaEAGLE.  
Other input parameters for the model are adapted to the measurement conditions on 17 
May 2012 around 17:00 UTC with a solar zenith angle of 58°. The extraterrestrial 
solar spectrum was taken from Gueymard (2004). The output altitude for the nadir 
radiance at 645 nm is 2920 m (10 000 ft flight altitude). To represent the observed 
clouds in an idealized way, a horizontally and vertically homogeneous liquid water 
cloud was assumed between 0 and 200 m altitude. The simulations were performed for 
 = 1, = 5 and  = 10 as 3-D effects are assumed to be larger for clouds of high . As 
a reference a clear-sky scenario was also simulated to quantify the 3-D effects between 
sea ice and atmosphere in absence of any cloud. The effective radius of the liquid 
water droplets was set to reff = 15 μm. The microphysical properties of the liquid water 
clouds are converted to optical properties by Mie calculations. Furthermore, profiles of 
the atmospheric pressure, temperature, density, and gases are taken from profiles given 
by Anderson et al. (1986). Gas absorption was modeled by LOWTRAN (Low 
Resolution Transmission Model parametrization, Pierluissi and Peng, 1985), as 
adapted from SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer, 
Ricchiazzi and Gautier, 1998).  
 
4.2.2. Results: 
 
Comparable to Fig. 3a , the most general case of an ice edge is an infinite straight ice 
edge. Fig. 5 illustrates the results of the 3-D simulation. Additionally, results of a 1-D 
model that uses the independent pixel approximation (IPA) are included as grey lines. 
The IPA simulations were performed with the same 3-D model, but with a 
homogeneous surface albedo – either dark ocean water or bright sea ice. All other 
parameters remain the same as in the 3-D simulations. The results were averaged along 
the ice edge direction.  
 Similar to the observations, the nadir radiance from the 3-D simulations 
decreases above the sea ice and increases above the ocean surface the closer the pixel 
is located to the ice edge. In the clear sky simulations this effect is only small as 3-D 
and IPA simulations are almost identical. This indicates that the 3-D effect is 
dominated by horizontal photon transport between sea ice and clouds and the 
scattering processes by the cloud particles into the observation direction.  
In general, Fig. 5 shows that with increasing  the slope of the decrease of the 
nadir radiance next to the ice edge is flattened. This results from the reduction in 
contrast between the ocean and sea ice surface by the overlying clouds with lower 
absolute difference between nadir radiance above sea ice and open water for higher . 
To compare the results to the measurements in Fig. 3, we use the distance L defined 
by Eq. (3). For the radiance values I(water) above water, the IPA values from the 1-D 
simulation are applied. For the cases presented in Fig. 5, L decreases from 600 m to 
400 m and to 250 m (at  = 1/5/10). The decrease of L suggests that the area in which 
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the cloud retrieval is biased is smaller for optically thick clouds. This is related to the 
decrease of the contrast, (IPA), between the radiances calculated with IPA over a 
bright sea ice surface and over a dark ocean water surface. (IPA) decreases from 
0.22 W m
−2
  nm
−1
 sr
−1
 for the clear sky case to 0.11 W m
−2
  nm
−1
 sr
−1
 for  = 10. If 
(IPA) is smaller, the radiance reaches the threshold difference of 6 % · I(water) in 
closer vicinity to the ice edge. 
 However, the critical distance Lcrit, as defined by Eq. (2) in Sect. 4.1, increases 
with increasing  from 50 m at  = 1 to 150 m at  = 5 and to 250 m at  = 10. 
Additionally, we investigated the impact of reff on our results. For simulations with 
reff = 10/15/20/30 μm, L was almost identical (not shown). This indicates that a 
variation of reff does not need be considered when estimating the 3-D radiative effects 
described here. Furthermore, the exact albedo value of the ice and water surface only 
has an effect on the magnitude of the simulated nadir radiance, but not on the distance 
L (not shown). With those findings the distance L discussed here can be used as a 
general critical distance to quantify horizontal photon transport in case of 
heterogeneous surfaces beneath homogeneous clouds. 
 
 
Figure 5: Simulated mean radiance across an ice edge for clear-sky conditions as well 
as for ground overlying clouds with cloud tops at 200 m and  = 1/5/10. The effective 
radius of the cloud particles is reff = 15 μm. The white area illustrates the bright sea 
ice, the grey area the dark ocean water. Included are the results of the 3-D and IPA 
simulation as well as the average of the reflected radiance measured perpendicular to 
the ice edge in Fig. 3a. 
 
Other important aspects which influence our results are the cloud altitude and cloud 
geometrical thickness. The horizontal photon transport as a process of isotropic surface 
reflections and scattering in the cloud layer will change if the cloud geometry changes. 
Depending in what altitude the photons are scattered by the cloud into the observation 
direction, the horizontal photon transport will be increased (high cloud) or decreased 
(low cloud). Figure 6 shows the simulated upward radiance for clouds of different 
altitude (Fig. 6a) and clouds of different vertical thickness (Fig. 6b).  
For an increasing altitude of a cloud with a thickness of 500 m, L increases 
from 700 m/1000 m (at  = 1/5) for a cloud base at 0 m to 3200 m/4000 m for a cloud 
base at 1500 m. Similarly, L increases with increasing vertical thickness; 
1100 m/300 m (at  = 1/5) for 200 m cloud thickness and 3200 m/2100 m for 1500 m 
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cloud thickness. In comparison to the influence of a different  (Fig. 6 shows results 
for  = 1/5), the cloud altitude and cloud geometrical thickness have similar 
significance for L and cannot be neglected. Indeed, for distances larger than L, the 
cloud altitude and cloud geometrical thickness do not affect the value of the 
maximum/minimum nadir radiance above sea ice/ ocean water. The IPA value is the 
same for each cloud altitude and only a function of. The increase of L with 
increasing cloud base altitude follows a linear function and can be parameterized by 
 
L(hcloud) = A· hcloud +B.                                                                                               (4) 
 
 
Figure 6: Simulated reflected radiance for clouds at different altitudes and with 
different geometrical thickness for the passage from a highly reflecting region to a 
darker region. The white area illustrates the ice stripe. (a) The cloud geometrical 
thickness is 500m. (b) Ground touching cloud with cloud base at 0 m. 
 
For the parameters A and B, the linear regression yields A = 2.00/1.66 and 
B = 1000 m/730 m for clouds with  = 1/5. This shows that the influence of the 3-D 
effects are much larger for clouds in higher altitudes and lower . Comparing the 
results for  = 1/5 indicates that the slope decreases with increasing . This proves that 
the influence of cloud geometry on the 3-D effects is decreasing with increasing. The 
cloud base of all boundary layer clouds observed during VERDI ranged between 0 and 
650 m which agrees with the climatology presented by Shupe et al. (2011). To 
demonstrate the potential effects of clouds with higher cloud base, the following 
simulations will cover two clouds, one similar to the observed case (ground overlying 
cloud with cloud top at 200 m) and one with cloud base/ top at 500 m/1000 m. 
 
5. Retrieval of cloud optical thickness and effective radius reff: 
 
All simulations in Sect. 4.2 have shown that the nadir radiance in open water areas 
close to sea ice can be enhanced drastically. For a classic cloud retrieval this 
enhancement suggests that  and reff will be overestimated in this area when a surface 
albedo of water is assumed. To quantify the magnitude of this overestimation, a cloud 
retrieval based on forward simulations is applied to the radiance field of a 3-D 
simulation where the cloud optical properties are known exactly. To study a simple 
case, in the 3-D simulation a homogeneous cloud with  = 10 and reff = 15 μm placed 
above an ice edge at an altitude of 500 to 1000 m.  
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The retrieval is performed over the ocean surface only. The forward simulations of the 
radiance look-up table are based on 1-D simulations of clouds between 500 and 
1000 m altitude.  and reff are varied between 1 and 25 μm and 10 and 25 μm, 
respectively; see Fig. 7a. The retrieval grid is constructed from the simulated nadir 
radiance at 645 nm wavelength on the abscissa and the ratio of the nadir radiance at 
1525 and 579 nm wavelength on the ordinate. This wavelength and the wavelength 
ratio were chosen by following the method presented by Werner et al. (2013) which 
creates a more unambiguous retrieval grid than the classic two wavelength method by 
Nakajima and King (1990).  
 
 
Figure 7: a) Retrieval grid using nadir radiance at 645 nm and the ratio of the nadir 
radiance at 1/2 = 1525 nm/579 nm. The radiance of the 3-D simulation is 
illustrated by color-coded dots as a function of distance to the ice edge. The black 
cross marks the exact cloud properties ( = 10, reff = 15 μm) for the cloud at 500 to 
1000 m altitude. b) Overestimation of  and reff as a function of the distance to the ice 
edge. The model cloud at an altitude of 500 to 1000 m had  = 10 and reff = 15 μm. 
 
The nadir radiance of the 3-D simulation is plotted in Fig. 7a as dots color-
coded with the distance to the ice edge. The exact result of a cloud with  = 10 and 
reff = 15 μm is marked with a black cross. The results imply a significant 
overestimation of  and reff at distances below 2 km from the ice edge (dark blue dots). 
The overestimation increases with decreasing distance to the ice edge. As expected, for 
distances larger than 2 km from the ice edge (light blue to red dots) the radiance is 
close to the IPA value (black cross). Small deviations are results of noise in the 3-D 
simulations. For the range below L = 2 km, the mean  and reff derived from the 
retrieval are shown as a function of distance to the ice edge in Fig. 7b. The graph 
shows that the overestimation of  increases up to 90 % while reff is biased by up to 
30 % close to the ice edge. Both values are valid only for the cloud used in the 
simulations ( = 10 and reff = 15 μm). For a lower , the effect will be lower. Using this 
simulations shown here and assuming a horizontally homogeneous cloud, Fig. 7b 
offers a possibility to correct the retrieved  and reff for this overestimation.  
 
6. Summary and conclusions: 
 
Airborne measurements of reflected solar radiance with the imaging spectrometer 
AisaEAGLE were performed during the international field campaign VERDI in 
Inuvik, Canada, in spring 2012. In particular, measurements above clouds in situations 
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with heterogeneous surface albedo were analysed in order to retrieve . Due to the 
high contrast in the surface albedo of sea ice and open water, the data revealed a 
distinct difference between radiance reflected above water and sea ice surfaces. This 
transition was used to distinguish between areas of both surfaces. Threshold radiance 
values with good agreement could be derived from measurements and radiative 
transfer simulations and were found to be robust for the separation of the surfaces. 
However, radiative transfer simulations showed that for clouds with a bright sea-ice 
surface albedo, a retrieval of cloud microphysical (, reff) and macrophysical properties 
(cloud inhomogeneities) is not possible from the visible wavelength range. The 
differences of the reflected nadir radiance by clouds of different  above bright sea ice 
are far below the measurement uncertainties of AisaEAGLE.  
With focus on cloud retrievals for areas with open water below clouds, we 
found that reflected radiance is enhanced in the vicinity of ice edges. Those narrow 
bright bands are related to 3-D effects and result from isotropic reflection on the bright 
sea ice. In this study, this 3-D radiative effect was quantified using reflected radiance 
measurements from VERDI and 3-D radiative transfer simulations with MCARaTS. A 
critical distance L was defined to characterize the 3-D effect. It can be used to 
estimate where the retrieval of  and reff is influenced by 3-D effects.  
From the two measurement cases presented here, with  = 5 and cloud base and 
cloud top at 0 and 200 m, respectively, a L of 400 m was observed. This value could 
be confirmed by radiative transfer simulations adapted to the cloud and ice situation of 
the observations. Further simulations have been performed to identify the most 
important cloud parameters determining the magnitude of the 3-D effect. Therefore, 
3-D radiative transfer simulations were performed for a clear-sky case and clouds with 
 = 1/5/10 located above a straight ice edge.  
It was found that for adjacent sea ice and ocean water the reflected radiance is reduced 
above the sea ice and enhanced above the ocean surface. The reduction/ enhancement 
is not symmetric to the ice edge. The enhancement of the reflected radiance above 
ocean water is stronger than its reduction over sea ice. For the case of the straight ice 
edge the critical distance Lcrit was found to be in the range of 
Lcrit = 50 m/150 m/250 m for  = 1/5/10. However, the minimum distance L to the 
ice edge where a 1-D cloud retrieval can be applied is decreasing with increasing . 
The values are in a range of L = 600 m/400 m/250 m for  = 1/5/10.  
The cloud altitude and cloud geometrical thickness were found to be parameters 
significantly influencing L. The distance L increases linearly with increasing cloud 
base altitude (at  = 1/5 from 700/1000 to 3200 m/4000 m for 500 m thick cloud and 
cloud base at 0 m/1500 m) as well as with increasing cloud geometrical thickness (for 
 = 1/5 from 1100/300 to 3200 m/2100 m for 200 m/1500 m thick cloud). Therefore, 
the cloud base altitude and cloud geometrical thickness have to be known exactly, 
while performing 3-D radiative transfer simulations of clouds above ice edges.  
The results from the simulations suggest that using a 1-D cloud retrieval, for ocean 
areas located close to sea ice edges,  and reff will be overestimated the closer the pixel 
is located to the ice edge. This overestimation was calculated for a liquid water cloud 
with  = 10.0 and reff = 15 μm. In that case the overestimation of the retrieved  
reaches up to a distance of 2 km from the ice edge. The maximum overestimation was 
found with 90 % directly beside the ice edge. For reff an overestimation of 30 % was 
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found up to a distance of 1.5 km from the ice edge. Further investigations on this and 
the application of our findings to satellite retrieval of cloud properties in Arctic regions 
will be part of future studies on the topic of 3-D radiative effects. 
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